Until recently, the pathogenesis of type 2 diabetes mellitus (T2DM) has been conceptualized in terms of the predominant defects in insulin secretion and insulin action. It is now recognized that abnormalities in other hormones also contribute to the development of hyperglycemia. For example, the incretin effect, mediated by glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic peptide (GIP), is attenuated in T2DM. Intravenous administration of GLP-1 ameliorates hyperglycemia in patients with T2DM, but an extremely short half-life limits its utility as a therapeutic agent. Strategies to leverage the beneficial effects of GLP-1 include GLP-1 receptor agonists or analogs or dipeptidyl peptidase-4 (DPP-4) inhibitors-agents that act by slowing the inactivation of endogenous GLP-1 and GIP. The GLP-1 agonist exenatide has been shown to improve HbA1c and decrease body weight. However, exenatide is limited by its relatively short pharmacologic half-life, various gastrointestinal (GI) side effects, and the development of antibodies. Studies of a long-acting exenatide formulation suggest that it has improved efficacy and also promotes weight loss. Another prospect is liraglutide, a once-daily human GLP-1 analog. In phase 2 studies, liraglutide lowered HbA1c by up to 1.7% and weight by approximately 3 kg, with apparently fewer GI side effects than exenatide. DPP-4 inhibitors such as sitagliptin and vildagliptin result in clinically significant reductions in HbA1c, and are weight neutral with few GI side effects. This review will provide an overview of current and emerging agents that augment the incretin system with a focus on the role of GLP-1 receptor agonists and DPP-4 inhibitors.
Introduction
etabolic abnormalities evident in individuals with type 2 diabetes mellitus (T2DM) include obesity, insulin resistance, qualitative and quantitative abnormalities in insulin secretion, dysregulated secretion of other islet hormones, such as amylin and glucagon, and increased endogenous glucose production. Another important abnormality, which came to the forefront of diabetes research, is the decreased incretin effect due to impairments in secretion and action of the incretin hormones glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic peptide (GIP). It is increasingly recognized that glucose homeostasis is governed by a complex interaction among various mediators, including insulin, glucagon, amylin, and incretin hormones. Deficits in any one of these components may contribute to the pathophysiology of T2DM (Table 1 ) [1] . Many pharmacologic studies in T2DM have been directed at increasing insulin secre-tion or sensitivity using various agents. A number of reviews on the effect of incretin-based therapies have been published [2] [3] [4] . The present review examines the pathophysiology of T2DM, with a focus on our evolving understanding of incretin dysregulation and the role of pharmacologic treatment based on GLP-1 agonists and DPP-4 inhibitors.
Hormonal and metabolic abnormalities in the pathogenesis of T2DM
Due to the dominant effect of insulin on glucose metabolism, most studies of the pathogenesis of T2DM have focused on defining abnormalities in insulin secretion and action. In response to a glucose challenge, the secretion of insulin occurs in phases with distinct physiological functions [5] . Early-phase insulin secretion serves to efficiently switch metabolism from the fasting state-in which endogenous glucose production and non-insulin mediated glucose disposal predominate-to the postprandial state, in which endogenous glucose production is suppressed and insulinmediated glucose disposal predominates. Late-phase insulin secretion enhances insulin-mediated glucose disposal in skeletal muscle and adipose tissue. Under normal circumstances, insulin secretion is tightly coupled to insulin action. Thus, normal glucose tolerance is maintained by a compensatory increase in insulin secretion in individuals with insulin resistance. In T2DM, both qualitative and quantitative abnormalities in insulin secretion are present. Early-phase insulin secretion is almost always blunted or absent. Late-phase insulin secretion, on the other hand, may appear quantitatively normal, but is nevertheless inadequate relative to the degree of hyperglycemia. In response to an oral glucose tolerance test, the secretion of insulin in patients with T2DM tends to be slower in onset and prolonged compared to responses in individuals with normal glucose tolerance. Insulin resistance in skeletal muscle, adipose tissue, and liver can also be demonstrated in the vast majority of individuals with T2DM.
Abnormalities in insulin secretion and action can be demonstrated in individuals prior to the onset of hyperglycemia. Impaired insulin secretion is a predictor of progression to diabetes and, longitudinally, insulin secretion deteriorates with the progression from normal glucose tolerance to diabetes. In a cross-sectional study, individuals with impaired fasting glucose and impaired glucose tolerance were more insulin resistant and had a significantly lower acute insulin response to intravenous glucose relative to individuals with normal glucose tolerance [6] . In a prospective study, insulin resistance and a low acute insulin response predicted the development of diabetes independently of obesity and independently of one another [7] . In a longitudinal study sequentially measuring insulin action and secretion, patients who developed T2DM showed a 14% decline in insulin action during the transition from normal glucose tolerance to diabetes, whilst the controls, who did not progress to diabetes, showed a similar 11% decline in insulin action [8] . In contrast, the acute insulin response in progressors declined 27% during the transition from normal to impaired glucose tolerance, followed by an additional 51% during the transition from impaired glucose tolerance to diabetes. Whereas in nonprogressors, it actually increased by 30% over the ~5 years of observation. These results demonstrate the primary role of impairments in insulin secretion and action in the pathogenesis of T2DM.
Progressive declines in insulin secretory function are also thought to contribute to worsening glycemic control after the diagnosis of T2DM. The UK Prospective Diabetes Study (UKPDS) showed that among patients with newly diagnosed T2DM, insulin resistance did not change, but there was a linear decline in β-cell function over several years of observation [9] . This decline in β-cell function may represent the natural progression of the disease, and treatment with sulfonylureas (SU), metformin (MET), and insulin did not considerably alter the slope of the decline and impairment in β-cell function [10] .
Human autopsy studies indicate that individuals with diabetes, and even those with prediabetes, manifest up to a 60% reduction in β-cell mass relative to individuals with normal glucose tolerance [11] . Whether reduced β-cell mass is a primary defect contributing to the development of diabetes in humans or whether there is a progressive loss secondary to hyperglycemia and an abnormal metabolic milieu is not known.
Insulin resistance and insulin secretory dysfunction in the pathogenesis of T2DM have been well studied, but less is known about the development of the other metabolic abnormalities that typify T2DM. Excessive endogenous glucose production in patients results from both inadequate insulin signaling, due to defective secretion and hepatic insulin resistance, and dysregulated glucagon secretion from pancreatic α-cells. A growing number of studies indicate that glucagon secretion is high and inadequately suppressed in response to an oral nutrient challenge in individuals with T2DM relative to those with normal glucose tolerance [12] . Glucagon secretion may also be abnormal in subjects with impaired glucose tolerance [13] .
Amylin, which is co-secreted with insulin from pancreatic β-cells, is also dysregulated in T2DM. While the precise physiological role of amylin is not known, it appears to suppress glucagon secretion, and also has effects to delay gastric emptying and increase satiety. In response to an oral glucose challenge, amylin secretion is delayed and blunted in patients with T2DM relative to those with normal glucose tolerance [14] . ) stimulates insulin biosynthesis and secretion and inhibits glucagon secretion in the pancreas, which in turn reduces hepatic gluconeogenesis. GLP-1 release also exerts protective effects on heart and brain. Insulin sensitivity in the periphery is increased by improved insulin signaling and reduced gluconeogenesis. Figure modified with permission from Cell Metabolism [3] .
suggests the presence of substances within the gastrointestinal (GI) tract that stimulate insulin release [15, 16] . Two incretins have been identified: GIP, secreted by enteroendocrine K-cells in the proximal gut and GLP-1 secreted by L-cells in the distal gut. Both GIP and GLP-1 are secreted into the circulation as active hormones within minutes in response to food consumption and are rapidly inactivated by the enzyme DPP-4, an ubiquitous serine protease. Both GIP and GLP-1 bind to specific G-protein coupled receptors present on β-cells and other target tissues. Activation of the incretin receptors on β-cells acutely enhances glucose-dependent exocytosis of insulin. In addition, activation of the incretin receptors results in other longer term effects, including stimulation of insulin synthesis [17] , enhancement of β-cell proliferation, and promotion of resistance to apoptosis [3, 10, 18] . GLP-1 also lowers glucose through inhibition of glucagon secretion, deceleration of gastric emptying, and inhibition of food intake, and GLP-1 may promote enhanced glucose disposal in peripheral tissues ( Figure 1 ) [19] [20] [21] [22] .
Other studies suggest that GLP-1 has effects on target tissues not directly involved in glucose metabolism, including a protective effect against ischemia/reperfusion injury [23, 24] and endothelial dysfunction [25] . GLP-1 also promotes endotheliumindependent artery relaxation [26] , and may increase diuresis and natriuresis, suggesting a possible renal protective effect [27, 28] . Furthermore, there is evidence that the synthetic GLP-1 receptor agonists may reduce systolic blood pressure and triglyceride levels and have beneficial effects on markers of cardiovascular risk, such as plasminogen activator inhibitor (PAI-1) and brain natriuretic peptide (BNP) [29] .
A diminished incretin effect in T2DM
Using carefully matched oral and intravenous glucose challenges, Nauck et al. demonstrated that the incretin effect accounted for ~2/3 of the insulin secretory response in subjects with normal glucose tolerance, whereas in patients with T2DM it accounted for less than 20% ( Figure 2 ) [16, 30] . Thus, impairments in the incretin response may contribute to dysregulation of insulin and glucagon secretion, particularly during the postprandial period, leading to hyperglycemia. Evidence suggests that the impaired incretin response in patients with T2DM may be due to decreased GLP-1 levels following food ingestion [31] , which cannot be attributed to enhanced clearance. In studies comparing the kinetics of GLP-1 degradation in healthy subjects and in those with T2DM, the clearance of GLP-1 is unaffected by the presence or absence of T2DM [32] . These data suggest that the impaired incretin effect seen after a meal in patients with T2DM is caused, at least in part, by decreased secretion of GLP-1. In contrast, secretion of GIP appears to be largely unaffected by the presence of T2DM. In addition to decreased secretion of GLP-1, impairment of the incretin response may be re- lated to downregulation of both the GLP-1 and GIP receptor in pancreatic islets, as a result of chronic hyperglycemia [33] .
Effects of exogenous GLP-1 in patients with T2DM
Despite evidence that responsiveness to GLP-1 is impaired, intravenous infusion of GLP-1 normalizes β-cell responsiveness to glucose [34] and restores both first-and second-phase insulin responses in patients with T2DM [35] . In one study, fasting subjects inadequately controlled on diet and SU therapy received continuous intravenous saline or native intact GLP-1 [36] . After less than 4 hours of GLP-1 treatment, plasma glucose decreased to normal fasting levels (p < 0.05) and glucagon levels were also reduced (p < 0.05). Thus, GLP-1 infusion is able to restore a more physiologic balance between insulin and glucagon secretion in patients with T2DM. In addition to its acute effects, continuous infusion of GLP-1 has been observed to reduce diurnal plasma glucose levels to near-normal levels [37] .
While GLP-1 has marked benefits in patients with T2DM, native GLP-1 administration, as a treatment strategy is severely limited by a short half-life in vivo (T½ = 1-2 minutes) due to inactivation by DPP-4 and the impracticality of continuous infusion. Thus, pharmacologic strategies have evolved to overcome these limitations, either directly by modifying native GLP-1 to make it resistant to the effects of DPP-4 (GLP-1 mimetics and analogs), or indirectly (by inhibiting the action of DPP-4).
GLP-1 receptor agonists in T2DM
Insulin secretagogues, insulin sensitizers, and insulin itself are effective antidiabetic agents, but may be associated with either weight gain or hypoglycemia, or both. Moreover, the efficacy of most oral agents diminishes with progression of T2DM. Therapies that could amplify insulin secretion without causing hypoglycemia and weight gain are desirable [38] .
Exenatide, a first-generation, twice-daily injectable drug that mimics the physiologic actions of GLP-1, is currently the only GLP-1 receptor agonist approved for the treatment of T2DM. The second-generation, once-daily human GLP-1 analog, liraglutide, is under regulatory review. Several additional GLP-1 receptor agonists, including albiglutide (GLP-1 conjugated to albumin) and PC-DAC:Exendin-4 (exendin-4 conjugated to human albumin), are under active investigation, but limited data are available on these agents.
Exenatide: an exendin-4 analog
Exenatide was the first approved therapeutic agent in the incretin class of hypoglycemic/glucoregulatory agents. It is currently available in the United States as adjunctive therapy to improve glycemic control in patients with T2DM who have inadequate glycemic control despite receiving either MET, SU, a thiazolidinedione (TZD), a combination of MET + SU, or a combination of MET + TZD [39] .
Exenatide is a synthetic 39-amino acid peptide with 53% homology to human GLP-1 [40] . Exenatide is directly derived from exendin-4, which was originally isolated from the salivary secretions of the reptile Heloderma suspectum (Gila monster). Exendin-4 reproduces many of the glucoregulatory functions of GLP-1 in mammals, with a substantially longer plasma half-life than native human GLP-1 [41] . These effects are mediated by binding to the pancreatic GLP-1 receptor. Since the second N-terminal amino acid alanine is replaced by serine in exendin-4, the duration of effect with exendin-4 is substantially longer than that of native GLP-1 [42] .
Combination therapy of exenatide with oral antidiabetic agents
A series of randomized, double-blind, phase 3 trials, the "3 AMIGOs," evaluated the efficacy of exenatide 10 µg twice daily in patients with T2DM (n = 1446) receiving either SU Decreases in HbA1c, fasting plasma glucose (FPG), and weight were obtained when exenatide (5 µg or 10 µg) was given in combination with SU, MET, or SU + MET ( 
Comparison of exenatide with insulin
Exenatide was compared with the insulin analogs biphasic insulin aspart 70/30 (BIAsp 30) [50] and insulin glargine (Table 3) [51]. Results from these trials suggest that exenatide was at least noninferior to insulin therapy in terms of HbA1c reduction, and may provide better postprandial glycemic control and decrease body weight [50] . Dosing of insulin in these studies may not have been optimal [53] . In the study comparing exenatide to BIAsp 30, the mean total daily dose was 24.4 units per day, which achieved a 1.0% reduction in HbA1c. A dose of 78.5 units per day was used in the INITIATE study, which resulted in a 2.8% reduction in HbA1c [54] . In the study comparing exenatide to insulin glargine, the total daily dose was 25 U/day compared with 47 U/day in the Treat-to-Target Trial [55]. It is not known how exenatide compares with properly optimized insulin regimens, given that insulin has a glucose-lowering capacity that is limited only by the potential for hypoglycemia [56] .
Exenatide: safety and adverse effects
The most common AEs associated with exenatide are dose-dependent nausea, vomiting, and diarrhea that Table 2 ). In the 2-year pooled analysis, the incidence of nausea was 39% during wk 0-10 in the eligible intent-to-treat population (n = 521), and 8% by wk 100-104 among the 283 patients in the intent-to-treat population who completed 2 years of treatment [48] . There were substantially higher levels of nausea (57.1% vs. 8.6%), vomiting (17.4% vs. 3.7%), and diarrhea (8.5% vs. 3.0%) in trials comparing exenatide to insulin glargine (Table 3) [51]. These AEs were associated with a higher withdrawal rate in the exenatide group (19.4%) compared with the insulin glargine group (9.7%), and 9% in the exenatide + TZD trial [49] . Dizziness was reported in 15% and 16% in patients given exenatide + SU or exenatide + MET, compared with 7% and 8% among patients who received SU or MET only.
Exenatide is associated with increased risk for hypoglycemia when used in combination with SU but not with MET. In the AMIGO trials, mild hypoglycemia occurred in 3% of subjects treated with SUs only, in 36% of exenatide + SU subjects, in 5.3% of exenatide + MET subjects, and in 27.8% of exenatide + SU + MET subjects [43] [44] [45] . Mild-to-moderate hypoglycemic events occurred in up to 12% of subjects in the second extension study [46] , with 4 cases of severe hypoglycemia (i.e., requiring medical attention) reported for patients taking SU [46] . No cases of severe hypoglycemia were observed during the MET extension trial [47] . Only a low incidence of hypoglycemia occurred when exenatide was added to TZD therapy [51] , and in the comparison trial against insulin glargine [43] .
Pooled data indicate that 38% of patients exhibit low titer antibodies with no apparent adverse clinical consequences. Higher titer antibodies were seen in 6% of patients in the 30-week clinical trials of exenatide added to MET or SU, and in 9% of patients who received exenatide in combination with TZD [39]. On average, approximately half the patients with higher 8 Fraction of patients (in %) with HbA1c ≤ 7% at the end of the study. 9 Fraction of patients with adverse effects (in %). In some cases, where marked with an asterisk ( * ), change of fraction of patients with adverse effects (in %) within the extended study (i.e. after completion of the first 30 wk study 
Long-acting exenatide
A long-acting release formulation of exenatide (exenatide LAR), administered once weekly, is currently in phase 3 clinical development. In a phase 2 study, exenatide LAR (0.8 or 2.0 mg) was administered subcutaneously for 15 weeks to patients with T2DM who were suboptimally controlled with MET and/or diet and exercise (n = 45) [52] .
Exenatide LAR reduced mean HbA1c levels by 1.4-1.7% in the 0.8-and 2.0-mg groups, respectively (p < 0.0001 vs. placebo). Mean blood glucose decreased by 39.6 mg/dl (0.8 mg) and 45 mg/dl (2.0 mg) compared with an increase in the placebo group of 16.2 mg/dl. An HbA1c of ≤7% was achieved by 36% and 86% of subjects receiving 0.8 and 2.0 mg exenatide LAR, respectively, compared with 0% of subjects receiving placebo. Only the 2.0 mg/week dosage of exenatide LAR was associated with a mean body weight reduction (3.8 kg, p < 0.05) [52] .
Nausea was reported in 19%, 27%, and 15% of patients in the exenatide LAR 0.8-mg and 2.0-mg groups and placebo group, respectively; gastroenteritis (19% and 13%) was reported in both LAR groups. Hypoglycemia was reported in 25% of patients who received the 0.8-mg dosage, and none who received the 2.0-mg dosage. At week 15, 67% of subjects in the exenatide LAR treatment groups were positive for anti-exenatide antibodies. However, there was no clear association with either efficacy or safety. Injection-site bruising was observed only in the exenatide LAR-treated patients (13% and 7% in the 0. Exenatide LAR may find its primary clinical application in patients who have already demonstrated that they can tolerate the short-acting form of the drug. The extended half-life of this agent, and the long time to reach steady state, pose formidable problems when considering GLP-1-agonist-naïve patients for therapy, because the potential AEs of treatment may be greatly extended.
Exenatide: effects on β-cell function and insulin secretion
Exenatide improves insulin secretion in subjects with T2DM who previously did not display a normal first-phase response [57] . As suggested by studies of native GLP-1, exenatide inhibits β-cell apoptosis in vitro, preserves endogenous β-cell mass in animal studies, and improves β-cell function in patients with T2DM [10, 35, 49, 58] . A study conducted by Mari and colleagues evaluated postprandial β-cell function by mathematical modeling in a group of patients with T2DM (baseline HbA1c = 8.1%) inadequately controlled on MET, with or without SU. Subjects (n = 13) were randomized initially to exenatide 5 µg twice daily, or placebo. After 4 weeks, one arm of the exenatide group was uptitrated to 10 µg twice daily. After 30 weeks of therapy, insulin secretion rates increased 40% and 72% in the 5-and 10-µg groups, respectively, compared with a 21% reduction in placebo patients; moreover, exenatide at both dosages enhanced potentiation of insulin secretion [59] .
Results from Zinman et al. (discussed earlier) support an effect of exenatide on β-cell function. Homeostasis model assessment of β-cell function (HOMA-B) after 16 weeks of treatment increased by 19% among patients who received exenatide, but decreased 6% among patients who received placebo [49] . HOMA-S increased to a greater extent in the exenatide group (23%) compared with a 10% increase in the placebo group. Similarly, a pooled analysis of 2-year results from the AMIGO studies found significant improvements in HOMA-B, and modest statistically significant improvements in HOMA-S, among patients who received exenatide [48] .
Recent developments in exenatide research
In data presented at the American Diabetes Association (ADA) 2007 Scientific Sessions, Buse et al. reported mean reductions in HbA1c (1.0%), FPG (24 mg/dl), and weight (5.3 kg) in 217 patients after 3 years of exenatide treatment, with 46% of patients reaching an HbA1c ≤ 7%. A 17% increase in HOMA-B was also determined in a subgroup analysis [60] .
Klonoff and colleagues [61] have analyzed efficacy parameters in 217 patients with T2DM who had completed ≥3 years of twice-daily exenatide as adjunctive therapy to MET and/or SU. Mean reductions in HbA1c (-1.0%), and weight (-5.3 kg) were found at 3 years. In a subset of 151 patients with 3.5 years of exenatide exposure, significant improvements in mean values of triglycerides (-12%), total cholesterol (-5%), low-density lipoprotein cholesterol (-6%), systolic blood pressure (-2%), and diastolic blood pressure (-4%) were observed. A substantial statistically significant 24% increase in HDL-C was seen.
A 24-week study presented as an abstract at the ADA 2008 Scientific Sessions evaluated exenatide monotherapy in 233 drug-naïve patients with T2DM. Reductions in HbA1c from baseline were significantly greater for subjects who received exenatide 5 µg twice daily (-0.7%) and 10 µg twice daily (-0.9%), compared to placebo (-0.2%). Although the proportion of patients who reached target HbA1c of ≤7% did not differ significantly between exenatide (60-61%) and placebo (48%) [62] . In a 30-week, open-label study, also presented at the ADA 2008 Scientific Sessions, 295 intention-to-treat patients treated with diet and exercise only, 1 oral antidiabetic drug (OAD), or 2 OADs, were randomized to additional therapy with exenatide 10 µg twice daily, or exenatide LAR 2 mg once weekly. Compared to twice-daily exenatide, the once-weekly formulation was associated with a significantly superior HbA1c reduction (-1.9% vs. -1.5%), FPG level (-42 mg/dl vs. -25 mg/dl), and proportion of patients who achieved HbA1c ≤ 7% (77% vs. 61%) [63] .
Several recent studies have evaluated exenatide use in the "real world". In the first, a retrospective cohort study conducted in 67 patients with T2DM, exenatide therapy resulted in a reduction in HbA1c from 7.7-7.1% at 6 months (0.6% decrease) and a 3.4-kg reduction in weight at 6 months [64] . These results stand in contrast to a report by Loh and Clement that suggests that the effects of exenatide in the real world may not be as robust as initially suggested by phase 3 and longterm efficacy studies [65] . Real-world data also suggest that weight loss with exenatide is rapid, but reaches a plateau after about 6 months [66] . This outcome may be explained by patients' decreasing adherence to exenatide, or by a progressive diminution of the effect of exenatide on anorexia and satiety over time [67] .
Liraglutide: A once-daily human GLP-1 analog
Liraglutide is a once-daily, human GLP-1 analog with 97% amino acid homology to native human GLP-1. Modifications include a substitution of the lysine at position 34 with an arginine, and the attachment of a C16 acyl chain via a glutamyl spacer to lysine at position 26 [68] . These substitutions slow the absorption and degradation of liraglutide in comparison with native GLP-1, potentially through interaction with albumin and a capability to form aggregates in the subcutaneous tissue, yielding a time to maximum concentration of 9-14 hours, and half-life of up to 13 hours after subcutaneous administration [69, 70] . Therefore, liraglutide is distinguishable from the twice-daily exenatide formulation because it is a human derivative and the pharmacokinetics of the drug permit oncedaily injection and 24-hour coverage.
Clinical studies with liraglutide
In all trials to date, liraglutide was dosed once daily. Liraglutide was associated with improvements in glycemic control and weight reduction and had a relatively low potential for AEs, including hypoglycemia and GI AEs. Five phase 3 clinical trials have been completed, and 4 of these were reported at the ADA 2008 Scientific Sessions.
Three early, double-blind, randomized, activecontrolled (SU) and placebo-controlled, dose-ranging, 8-and 12-week phase 2 studies have been conducted. The doses used in these trials [71] [72] [73] (0.045-0.75 mg/d) were substantially lower than those used in later phase 2 trials (up to 2.0 mg/d) (Table 4) [29, 74] and in the subsequent phase 3 program.
In two phase 2 trials, liraglutide was administered once daily in clinically relevant doses. In the first trial, Vilsbøll and colleagues reported the effects of 14 weeks of liraglutide monotherapy on glycemic control (Table 4) . When treated with either 1.25 or 1.9 mg liraglutide, almost half of patients reached the ADA target for postprandial control (<10 mmol/l or 180 mg/dl). A dosedependent decrease in body weight was observed, with a mean weight loss of 3.0 kg in the 1.9-mg liraglutide group [29] . Similar results were observed in a study by Nauck and colleagues, in which liraglutide was added to MET (Table 4 ) [74] . Liraglutide may also have beneficial effects on cardiovascular risk in patients T2DM, having demonstrated a significant mean reduction in systolic blood pressure of 7.9 mmHg (p = 0.039), and a mean reduction in triglycerides of 22% at a dosage of 1.9 mg [29] .
Liraglutide: safety and adverse effects
The incidence of GI AEs with liraglutide appeared to be low [72, 74] and transient [71] , with few patient withdrawals from liraglutide groups due to AEs. Diarrhea was seen in most trials [29, 71, 72, 74] (ranging from 5.6-21.1%), but resolved within a few days. The incidence of injection-site reactions (5-6%) was also low [72] .
Liraglutide: effects on β-cell function
Clinical and preclinical data indicate that liraglutide has a positive effect on β-cell function. In preclinical studies, liraglutide increased β-cell mass in rodent models of T2DM [75] [76] [77] , decreased β-cell apoptosis [78] , and increased β-cell differentiation in immature human pancreatic cell preparations in vitro, with a 1.95-fold increase in insulin-positive cells (p < 0.001) [79] .
In human studies, one week of daily liraglutide improved β-cell function, as measured by significant improvements in both first-and second-phase glucoseinduced insulin secretion [80] . In a longer-term study [81] , patients with T2DM (n = 39) were randomized to treatment with 0.65, 1.25, or 1.9 mg/d liraglutide or placebo for 14 weeks and compared with a nondiabetic control group. In this study, liraglutide 1.25 and 1.9 mg treatment significantly increased maximal β-cell insulin secretory capacity compared with placebo by 114% and 93%, respectively (p < 0.05), and first-phase insulin secretion by 118% and 103%, respectively (p < 0.05). Both doses of liraglutide improved first-phase insulin secretion to 31% and 34% of controls, and maximal insulin secretory capacity to 48% and 40% of controls. Second-phase insulin secretion increased to levels similar to those of nondiabetic controls among patients in the 1.25-mg (p = 0.005 vs. control) and 1.90-mg liraglutide groups (p = NS vs. control) [81] . Mean β-cell function assessed by HOMA was increased in a 12-week study of liraglutide 0.75 mg [71] , and treatment with liraglutide 6 µg/kg body weight significantly enhanced β-cell function during conditions of normal living [82] . In this last study, which used a validated β-cell model to evaluate 24-hour insulin secretion profiles, results in the liraglutide group demonstrated an increase in insulin secretion at 9 mmol/l glucose from 189-322 pmol/min/m 2 (p < 0.005) [82] .
New developments in liraglutide research
Horowitz and colleagues have presented patientreported ratings of GI symptoms in patients with T2DM receiving liraglutide monotherapy for 14 weeks. Results supported the transient nature of GI side effects following liraglutide administration, with substantial symptoms occurring only in the first 2 weeks after treatment initiation. Symptom scores subsequently returned to baseline levels [83] .
Two recent reports evaluated the use of liraglutide in Japanese subjects. These studies did not find significant concerns surrounding safety or tolerability. Oncedaily liraglutide resulted in significant mean HbA1c reductions of 1.6% and 1.8% at dosages of 0.6 and 0.9 mg/d, compared with placebo over 14 weeks [84, 85] .
Phase 3 studies of liraglutide were reported at the ADA 2008 Scientific Sessions. The studies assessed liraglutide as monotherapy or in combination with either MET, SU, or MET + SU in patients with T2DM. Results of the 52-week monotherapy study of liraglutide 1.2 and 1.8 mg once daily, indicated that liraglutide was associated with significantly greater reduction in HbA1c (-0.84% and -1.14%, respectively) than glimepiride 8 mg once daily (-0.51%). Weight loss with liraglutide (-2.05 to -2.45 kg) was also significantly superior to the weight gain seen with glimepiride (+1.12 kg). GI adverse events occurred in 28-29% of patients in the liraglutide group vs. 9% in the glimepiride group, but the symptoms in the liraglutide groups were transient, and there was a significantly lower rate of hypoglycemic events with liraglutide relative to glimepiride [86] . In 26-week studies of liraglutide added to MET, SU, or MET + SU, reductions were as large as -1.33% for HbA1c and -2.8 kg for weight, with concomitant improvements in β-cell function [87] [88] [89] [90] blood pressure reduction, which occurred rapidly (i.e., after 2 weeks), could not be explained by the decrease in weight [91] . Among liraglutide-treated patients, liraglutide antibodies were found in 0-4% of those in the MET add-on study, 9-13% of those in the SU addon study, and 10% of those in the MET + SU add-on study [87] [88] [89] , rates that appear lower than those observed in pooled studies of exenatide [39] .
Other GLP-1 agonists in development
Additional GLP-1 agonists in early clinical development include a recombinant GLP-1/albumin conjugate (albiglutide), a recombinant exendin-4/albumin conjugate, and a once-weekly GLP-1 analog (taspoglutide). These agents may have increased half-lives compared with exenatide or liraglutide [92] . CJC-1131, a synthetic GLP-1 analog covalently bound to albumin, with a half-life of approximately 10 days, has demonstrated an effect on fasting and postprandial glucose similar to that of liraglutide [93] . Phase 2 data presented at the 2008 ADA Scientific Sessions demonstrated that once-weekly taspoglutide (R1583) significantly reduced glucose levels and weight in patients with T2DM, with a favorable safety and tolerability profile [94, 95] .
Summary: efficacy and tolerability of GLP-1 receptor agonists
The efficacy, AEs, effects on body weight and incidence of hypoglycemia of exenatide and liraglutide are summarized in Tables 2-4 and compared in Figure 3 HbA1c levels in excess of 1.7%, while still promoting significant weight loss and without provoking significant hypoglycemia.
DPP-4 inhibitors in T2DM
While GLP-1 receptor agonists directly affect the incretin system by mimicking the effects of endogenous GLP-1, DPP-4 inhibitors act as incretin enhancers by preventing the inactivation of endogenous incretins by DPP-4, thereby elevating active incretin levels [107] . Thus, efficacy of DPP-4 inhibitors is dependent upon endogenous incretin secretory capacity that, at least for GLP-1, appears to be diminished in patients with T2DM. In one major meta-analysis of sitagliptin and vildagliptin trials, DPP-4 inhibitors lowered HbA1c an average of 0.74% with no weight change or hypoglycemia, and were noninferior to other agents (including glipizide and TZDs) [38] .
The DPP-4 inhibitors are orally bioavailable, small molecular weight drugs that act via competitive, reversible inhibition of DPP-4, providing up to 90% inhibition of plasma DPP-4 activity over 24 hours in vivo [108] . These agents have been shown to provide 2-3 2 Fraction of patients (in %) with HbA1c ≤ 7% at the end of the study. 3 Fraction of patients with adverse effects (in %). 4 MET > 1500 mg/d. 5 MET titrated to 1500 mg/d. 6 Glipizide titrated to 20 mg/d. a Placebo-subtracted mean change. b Least squares mean change.
fold enhancements in the levels of active GIP and GLP-1, improving impaired insulin secretion and reducing glucagon levels in patients with T2DM. Because these agents rely on endogenous incretin secretion, they may best be employed in early disease [32, 33, 109] .
Sitagliptin
Sitagliptin, a potent and specific inhibitor of DPP-4, is the only DPP-4 inhibitor currently approved for use in the United States; a combination product (sitagliptin + MET) is also available. In trials lasting from 18-52 weeks, various doses of sitagliptin were utilized with once-or twice-daily dosing. Results from a number of clinical trials are summarized in Table 5 [103, 107, [109] [110] [111] [112] [113] .
In one double-blind, placebo-controlled, 24-week study, sitagliptin 100-200 mg once daily provided significant placebo-subtracted reductions in HbA1c and FPG in patients naive to OADs [109] . In contrast to the results seen with exenatide and liraglutide, there were no meaningful changes in mean body weight with sitagliptin (-0.1 to -0.2 kg) [109] . Similar results were observed in an 18-week study of sitagliptin 100-200 mg once daily in patients inadequately controlled on exercise and diet [103] . Hypoglycemia rates were similar across groups. Although there was a slightly higher incidence of constipation, nasopharyngitis, pharyngitis, pharyngolaryngeal pain, urinary tract infection, myalgia, arthralgia, hypertension, and dizziness in the sitagliptin group [103, 109] .
In patients inadequately controlled by MET monotherapy (> 1500 mg/d), the addition of sitagliptin 100 mg once daily provided significant mean reductions compared with placebo in HbA1c, FPG, 2-hour postmeal glucose, and other glycemic parameters (Table 5) . Also, it substantially improved the percentage of patients who achieved an HbA1c of < 7% (47.0% for sitagliptin patients vs. 18.3% with placebo) [107] . Notably, unlike MET-known to elicit GI AEs-there was no increased risk for GI events compared with placebo, and there was no effect on body weight [107] . Similarly, 100 mg of sitagliptin administered once daily provided incremental reductions in HbA1c levels when added to ongoing pioglitazone therapy (30 to 45 mg once daily) of approximately 0.70% (Table 5 ) [110] .
In a head-to-head comparison, sitagliptin 100 mg once daily was non-inferior to glipizide 20 mg once daily as an adjunct to MET ≥ 1500 mg once daily. 52-week mean reductions in HbA1c of 0.67% were achieved both in patients receiving sitagliptin and those receiving glipizide, with the added benefit of small weight losses with sitagliptin (-1.5 kg) compared to small weight gains with glipizide (+1.1 kg) [111] .
Simultaneous initiation of sitagliptin and MET provided significant reductions in HbA1c over either agent alone [112] . Sitagliptin administered twice daily at 50 mg + MET 500 mg or 1000 mg administered twice daily were associated with placebo-subtracted mean HbA1c reductions of 1.57% and 2.07%, respectively. In comparison, all single agents produced placebosubtracted mean HbA1c reductions of 1.30% or less. A similar pattern was seen for FPG [112] . These effects were achieved without substantial increases in the rate or severity of AEs. Sitagliptin has also been shown to reduce HbA1c in patients inadequately controlled on the combination of glimepiride and MET [113] .
Most trials of sitagliptin in combination with other OADs indicated that DPP-4 inhibitors produce incremental, or sometimes additive, improvements in glycemic parameters. Together, extant clinical data suggest that sitagliptin is a moderately effective antidiabetic agent, providing HbA1c reductions of up to 0.94% when used as monotherapy [109] and additional reductions in HbA1c when used as part of combination therapy [112] . Unlike the majority of OADs, these incremental reductions in HbA1c are not associated with significant weight increases.
Vildagliptin
Vildagliptin, another potent and specific DPP-4 inhibitor, is marketed in several countries and has been approved in the European Union. Approval in the United States is pending additional trials to examine the safety and efficacy in patients with renal impairment. In phase 3 trials as monotherapy and in combination with a variety of oral agents, vildagliptin provided HbA1c reductions of 0.8-1.0%. Table 6 summarizes results from various major studies on vildagliptin only and in combination with other anti-diabetic drugs [98, [114] [115] [116] [117] [118] [119] .
In a study comparing twice-daily dosages of vildagliptin (50 mg) and MET (1000 mg), both drugs reduced HbA1c levels. At 1 year, significant mean HbA1c reductions from baseline of 1.0% for vildagliptin and 1.4% for MET were seen, with neutral effects on body weight for vildagliptin (+0.3 kg) and reductions in body weight among patients who received MET (-1.9 kg) [116] . In this trial, vildagliptin was associated with a significantly more favorable GI AE profile than was MET (Table 6) .
In a 24-week trial, vildagliptin 50-100 mg once daily provided significant incremental mean reductions in [108] . These agents have been shown to provide 2-3 Legend: MET: metformin. FPG: fasting plasma glucose. BID: twice daily. QD: once daily. NR: not reported. 1 From baseline. 2 Fraction of patients (in %) with HbA1c ≤ 7% at the end of the study. 3 Fraction of patients with adverse effects (in %). 4 Upper respiratory tract infection. 5 Additional adverse effect: asthenia (16.7). a Adjusted mean change.
Sitagliptin
Vildagliptin
In a 24-week trial, vildagliptin 50-100 mg once daily provided significant incremental mean reductions in HbA1c levels when added to once-daily pioglitazone (15- 30 mg) . Reductions of 1.9% and 1.7% were seen in patients receiving vildagliptin/pioglitazone combinations of 100/30 mg and 50/15 mg, respectively, compared with reductions of 1.4% and 1.1% in patients receiving pioglitazone and vildagliptin monotherapy [117] . Vildagliptin was weight neutral in this trial. Incremental improvements in mean HbA1c and FPG were reported for another trial that tested vildagliptin (50 or 100 mg/day) as add-on therapy for patients poorly controlled by pioglitazone (45 mg/day). Although the FPG changes after vildagliptin add-on were not significantly different from pioglitazone continuation, small weight gains occurred [118] (Table 6 ).
Safety and adverse effects of DPP-4 inhibitors
Hypoglycemia and GI AEs are infrequent in patients who receive DPP-4 inhibitors. The DPP-4 inhibitor sitagliptin is primarily (87%) secreted via renal elimination; therefore, the dosage must be adjusted in patients with moderate-to-severe renal impairment [119] . However, in a meta-analysis these agents were associated with a 1.2-fold increased risk of infection of nasopharyngitis, a 1.5-fold increased risk for urinary tract infection, and a 1.4-fold increased frequency of headache [38] . Long-term safety remains to be established.
Effect of DPP-4 inhibitors on β-cell function and insulin secretion
Data suggest that-like GLP-1 agonists-the DPP-4 inhibitors have the potential to improve β-cell function and insulin sensitivity. A 12-week study conducted by Ahren and colleagues examined the effects of vildagliptin on meal-related β-cell function and insulin sensitivity over 52 weeks in MET-treated patients with T2DM [98] . Insulin sensitivity assessed during a glucose tolerance test increased among patients who received vildagliptin + MET but not in those who received MET alone. Insulin secretion related to insulin sensitivity (adaptation index) increased with vildagliptin + MET but decreased among patients who received MET alone. The change in adaptation index correlated to the change in HbA1c (r = -0.39, p = 0.004).
New developments in DPP-4 research
A clinical trial presented at ADA 2007 indicates that sitagliptin added to MET is effective in reducing HbA1c and is associated with a small but significant decrease in body weight [120] . Sitagliptin also provides significant glycemic control (with HbA1c reductions of 0.7%, FPG reductions of 20 mg/dl, and 2-hour postprandial glucose reductions of 36 mg/dl) when added to either SU or combination SU + MET. However, body weight increased in patients receiving sitagliptin (0.8 kg) compared with those receiving either SU or combination SU + MET (-0.4 kg) [121] .
A pooled analysis of 5 monotherapy studies supports the efficacy of vildagliptin in T2DM, with mean reductions of approximately 1.0% in HbA1c and 20 mg/dl in FPG, over 24 weeks at dosages of 100 mg daily. Modest but significant body weight reductions and low rates of hypoglycemia were also noted [122] . It has also recently been reported that DPP-4 inhibitors may have GLP-1 agonist-like effects on gastric emptying [123] . Furthermore, vildagliptin significantly reduced systolic and diastolic blood pressure in hypertensive patients with T2DM compared with MET, improved insulin sensitivity and β-cell function in patients with impaired fasting glucose, and demonstrated significant reductions in postprandial triglyceride responses [124] [125] [126] .
Three studies presented at the ADA 2008 Scientific Sessions demonstrated the glucose-lowering efficacy and tolerability of sitagliptin in Japanese patients with T2DM, when added to ongoing treatment with MET, SU, or pioglitazone [127] [128] [129] . In a pre-specified analysis of data from a study that compared sitagliptin with glipizide (each added to MET), the risk of physicianconfirmed, symptomatic hypoglycemia was assessed. Compared to glipizide, sitagliptin showed a lower risk of hypoglycemia of 11-fold in patients aged <65 years and 29-fold in those aged ≥65 years [130] . Another study found improvement in indices of β-cell function in patients with T2DM who received initial therapy with sitagliptin and MET in combination [131] . A monotherapy study demonstrated the glucose-lowering efficacy of vildagliptin in a Japanese population [132] . Data were also presented indicating that vildagliptin enhances glucagon release in hypoglycemic conditions, but reduces glucagon secretion during hyperglycemia, suggesting an ability to enhance α-cell glucose sensing [133] .
New DPP-4 inhibitors in development
Data from the phase 3 alogliptin development program were released at the 2008 ADA Scientific Sessions. In 5 different studies, alogliptin 12.5 and 25 mg/day were evaluated as T2DM monotherapy and in combination with MET, SU, pioglitazone (with or without additional MET or SU), or insulin. Both doses of alogliptin produced significantly greater mean changes from baseline in HbA1c (up to -0.59% as monotherapy and -0.80% as combination therapy) than placebo in all studies. Alogliptin was not associated with an elevated incidence of hypoglycemia or GI symptoms, and did not induce weight gain [134] [135] [136] [137] [138] .
A phase 3 study presented at the ADA 2007 Scientific Sessions assessed saxagliptin, at dosages of 2.5-10 mg, added to MET. Saxagliptin reduced HbA1c by up to 0.83% and FPG by up to 24 mg/dl, with no change in weight or risk for hypoglycemia [139] . A subsequent study of saxagliptin monotherapy (2.5 mg/day and 10 mg/day) demonstrated significant placebo-subtracted decreases in HbA1c at week 24 (up to -0.73%), in addition to significantly higher rates of HbA1c target achievement compared to placebo. Saxagliptin was weight neutral, and no cases of hypoglycemia were observed. The most common adverse effects were upper respiratory tract infection, headache, urinary tract infection, nasopharyngitis, and sinusitis [140] .
Summary: efficacy and tolerability of DPP-4 inhibitors
The efficacy, AEs, effects on body weight, and incidence of hypoglycemia of sitagliptin and vildagliptin are summarized in Table 5 and compared in Figure 3 . The efficacy of vildagliptin appears somewhat better than that of sitagliptin. This is possibly due to differences in trial design and HbA1c entry criteria, as both drugs are potent and selective inhibitors of DPP-4. Both sitagliptin and vildagliptin are weight neutral and associated with very low rates of hypoglycemia.
The evolving role of GLP-1 receptor agonists and DPP-4 inhibitors in the treatment of T2DM
Both GLP-1 receptor agonists and DPP-4 inhibitors provide unique benefits that complement and extend the present therapeutic armory for the treatment of T2DM. Some of the benefits of incretin-based therapies, such as enhancement of glucose-dependent insulin secretion and suppression of glucagon, are shared by GLP-1 receptor agonists and DPP-4 inhibitors, while promoting satiety and weight loss are unique to GLP-1 receptor agonists.
It is evident that DPP-4 inhibitors are effective, well-tolerated, weight-neutral oral agents. Type 2 diabetes is characterized by a progressive loss of β-cell function in the setting of insulin resistance. These core defects are accompanied by a substantial impairment in the incretin effect, potentially due to impairments of GLP-1 secretion and action [16, 33] . Since DPP-4 inhibitors are dependent on endogenous incretin secretion, they might be utilized most effectively early in the course of the disease. Moreover, DPP-4 inhibitors produce only minor increases in fasting active GLP-1 levels. Their predominant effects are seen postprandially. Thus, DPP-4 inhibitors lower HbA1c levels by only a modest degree. Nevertheless, their ease of use for both patients and providers suggests that they will play an increasingly important role in the treatment of T2DM, particularly in primary care settings. They may be appropriate as monotherapy for patients who cannot tolerate MET or in those with renal insufficiency who should not receive MET because of the risk of lactic acidosis.
As DPP-4 inhibitors are weight-neutral and associated with a low risk for hypoglycemia, they may be appropriate as monotherapy in place of SU in patients for whom weight gain and hypoglycemia are undesirable. Since the mechanism of action of DPP-4 inhibitors complements that of MET and TZDs, DPP-4 inhibitors are ideal in combination with these agents. Such combinations are particularly effective at reducing hyperglycemia without provoking hypoglycemia. Finally, DPP-4 inhibitors are well-suited for treating elderly patients with T2DM, due to their favorable tolerability profile, low risk for hypoglycemia, and lack of significant drug-drug interactions [79] .
In contrast to DPP-4 inhibitors, GLP-1 agonists do not rely on endogenous incretin secretion. Also, pharmacologic levels of GLP-1 activity can be achieved by injection of agonists, rather than the high-physiological levels attained following DPP-4 treatment. Although the half-life of the current formulation of exenatide is substantially longer than native GLP-1, its relatively short half-life does not provide 24-hour coverage. Therefore, the efficacy of exenatide is limited, particularly with respect to fasting glucose levels.
Longer-acting GLP-1 receptor agonists in development, such as liraglutide, exenatide-LAR and other molecules have more robust effects on fasting glucose levels. As a result they may offer superior efficacy to exenatide and most OADs. An important feature of GLP-1 receptor agonists is their ability to promote significant mean reductions in body weight.
In contrast to the DPP-4 inhibitors, all GLP-1 receptor agonists must be given as injections. Furthermore, the incidence of nausea and other GI AEs is higher with these agents than with DPP-4 inhibitors or other OADs. The currently available GLP-1 receptor agonist, exenatide, is indicated for patients with T2DM in combination with oral agents such as MET, SU, and TZDs. Obese patients with T2DM in particular may benefit from this class, due to the weight loss effectswhich can be significant in some individuals-and other nonglycemic benefits such as lower blood pres-sure and improved lipid profiles. If these initial indications of superior efficacy are confirmed in additional trials, long-acting GLP-1 receptor agonists such as liraglutide, exenatide LAR, albiglutide, and taspoglutide could achieve widespread use as second, or even firstline treatments to bring more patients with T2DM to goal. 
